ABSTRACT Potato (solnum tuberosum L. cv Katahdin) tuber discs treated with arachidonic acid become necrotic and accumulate sesquiterpenoid phytoalexins. The arachidonic acid also causes increases in both phenylalanine ammonia lyase and lignin, but no change in total alcohol-soluble phenols. Linoleic acid does not alter any of these parameters. A high concentration of nonanoic acid promotes both necrosis and accumulation of low levels of phytoalexins, but decreased levels of phenols, phenylalanine ammonia lyase, and lignin. The respiration of the control discs and those treated with linoleic acid declines by 24 hours after treatment, but the respiration of arachidonic acid-treated discs remains constant for at least 48 hours.
Plants often respond to attempted fungal invasion by synthesizing toxic metabolites called phytoalexins (12, 22) . These chemicals accumulate more rapidly if the plants are resistant to the pathogen than if they are susceptible, and many believe that phytoalexins mediate the resistant response (12) . Some chemicals isolated from fungal homogenates can cause phytoalexin synthesis when applied to certain plant tissues, and these 'elicitors' may be the agents that initiate phytoalexin synthesis when a plant is attacked by a fungal pathogen (3, 12) .
The rate of phytoalexin synthesis is only one of many ways in which resistant and susceptible plants differ in their responses to attack by fungal pathogens. Furthermore, the application of an elicitor to a plant tissue might result in numerous changes in addition to eliciting phytoalexin synthesis. For example, chitosan, the deacylated product of chitin and the most active elicitor present in cell wall preparations ofFusarium solani (8) , not only elicits pisatin synthesis in pea pod tissue (8) , but also induces lignification of wheat leaves (18) , PAL2 activity in pea pods (16, 28) , and the accumulation of proteinase inhibitors in tomato leaves (28) . This elicitor also inhibits the growth of various fungi (1 (3, 24) .
In this paper, we have extended the studies ofarachidonic acid by investigating the effect of this fatty acid on both phenol metabolism and respiration in potato tuber tissue. In addition, we include data on the effect on nonanoic acid treatments because this fatty acid has been reported to cause necrosis of plant tissues (15, 20) , although it is not known to be an elicitor of phytoalexins.
MATERIALS AND METHODS
Chemicals. Arachidonic and linoleic acids (both 99%) and nonanoic acid (97-99%) were purchased from Sigma Chemical Co. Both stock and working solutions were prepared as previously described (21) , except that the buffer was pH 7.0 rather than pH 5.5.
Plant Materials. Tubers of white potato (Solanum tuberosum L. cv Katahdin) were obtained from field plantings at a West Virginia University Agricultural and Forestry Experiment Station farm. They were stored at 4°C for 8 to 10 months and removed from cold storage 1 d before use. Discs (2 mm x 1 cm) were cut from the pith area of these tubers, rinsed in distilled H20, and incubated in Petri dishes at 20°C for 24 h.
The aged potato discs were immersed for 7 min in buffer as control, or buffer containing one of the fatty acids and then incubated at 20C in Petri dishes or, when tissue respiration was going to be measured, in respirometer flasks. At the end of the incubation period, the extent of necrosis was estimated visually, and the discs were used immediately for respiration or PAL assays, or stored at -80°C for later analyses.
Phytoalexins. The phytoalexins rishitin and lubimin were determined after homogenizing the entire potato discs by the method of Henfling and Kuc (10) .
Phenylalanine Ammonia Lyase. A crude preparation of PAL was made (11) and the enzyme was then assayed by the method of Zucker (30) except that the buffer was Tris-HCl rather than borate.
Phenols. The potato discs were extracted with ethanol in absence of reducing agent by the method of Khanna et al. (13) and the extracted phenols were then assayed by the colorimetric procedure of Swain and Hillis (23) .
Lignin. Potato tuber discs were thinly sectioned with a razor blade and 1 g of tissue was then shaken with 20 ml of methanol for 1 h. The sample was centrifuged at l0,OOOg for 10 min and the residue was washed twice with 10 ml of methanol each time.
Lignin thioglycolic acid was then prepared from the residue and used to estimate lignin content as described by Whitmore (29) .
Respiration. Four tuber discs were placed into each flask of a Gilson differential respirometer, making sure that each disc lay flat on the bottom surface. The flasks were then incubated at 20°C. At 6, 12, 24, and 48 h, fluted filter paper and 0.2 ml of 10% (w/v) NaOH were added to the center well of each flask and respiration measured at 20C over a 2-h period with readings taken every 15 min. At the end of the assay, the filter paper was removed and the flasks returned to the incubator, except at 48 h when the experiment was terminated and the wet weights of the discs were measured.
RESULTS
Both arachidonic and nonanoic acids cause necrosis of surface cells when applied to Katahdin potato tuber discs (Table I) , but there are two obvious differences between these responses. First, arachidonic acid-stressed discs are characterized by brown flecks similar to those that develop when potato tuber tissue is inoculated with an incompatible race of P. infestans. In contrast, the necrosis caused by nonanoic acid is a uniform gray. Second, potato tuber tissue is much more sensitive to arachidonic acid than it is to nonanoic acid. The concentration of nonanoic acid used in this study (10 mM) was selected because preliminary experiments (data not shown) indicated that to obtain the same degree of necrosis, nonanoic acid must be nearly 70 times as concentrated as arachidonic acid. Linoleic acid, as previously reported (3), did not cause necrosis of the potato tissue.
The accumulation ofphytoalexins in fatty acid-stressed potato tuber tissue is similar to that found by Bostock et al. (3) , namely that arachidonic acid elicits their synthesis whereas linoleic acid does not (Table I) . Nonanoic acid, which previously has not been tested for elicitor activity, causes the accumulation of only low levels of phytoalexin, even though it causes extensive tissue necrosis (Table I) .
The PAL activity in potato tuber tissue increases dramatically in response to the addition ofarachidonic acid (Fig. 1) . The level is significantly (P < 0.01) higher than the control at both 24 and 48 h, but lower than the control at 72 h after application of arachidonic acid. In contrast, nonanoic acid-stressed tuber discs have significantly (P < 0.01) less PAL than the control at all times tested, and linoleic acid treatment neither increases nor decreases the PAL level (Fig. 1) .
The concentration of ethanol soluble phenols in Katahdin potato tuber discs is not affected by the addition of either arachidonic or linoleic acid, but is significantly (P c 0.01) decreased-by treatment with nonanoic acid (Fig. 2) . The lignin content of the discs is significantly (P < 0.01) increased by treatment with arachidonic acid, decreased by treatment with nonanoic acid, and not affected by treatment with linoleic acid (Fig. 3) .
The respiration of Katahdin potato tuber discs decreases significantly (P < 0.01) when incubated under the conditions of this study. This decrease also occurs if the discs are pretreated with linoleic acid, but does not occur if they are pretreated with arachidonic acid (Fig. 4) . (2) . certainly reflect reactions that are involved in the mechanism of resistance. However, it is equally likely that some of the differences are secondary changes that occur in response to the true reactions of resistance. Distinguishing between cause and effect has proven to be exceedingly difficult.
Many plants synthesize phytoalexins when attacked by fungal pathogens and these stress metabolites accumulate more rapidly if the host plant is resistant (17, 27) . However, while there is evidence that phytoalexins are sometimes involved in disease resistance (12) , there is increasing doubt that they are major resistance factors in general (22) and in the potato-P. infestans system in particular (4, 7) . Elicitors have been defined in terms of their ability to cause phytoalexin synthesis. With the notable exception of the studies with chitosans (8, 16, 28) , there has been only limited research to determine if these chemicals are able to elicit other responses (24) . This is unfortunate because the importance of elicitors in plant disease resistance does not neccesarly hinge on whether or not phytoalexins are resistance factors. That is clearly shown by the data of this paper. Arachidonic acid, a major elicitor in the potato-P. infestans system (3), causes changed phenol metabolism (Figs. 1-3 ) and respiration (Fig. 4) as well as phytoalexin synthesis and tissue necrosis ( Table 1) .
Arachidonic acid treatment causes a striking increase in the PAL content of potato tuber discs (Fig. 1 ). This increase is followed by a decrease, which has previously been observed for potato tissue and has been attributed to the synthesis of PAL inhibitors (30) .
Since PAL is thought to be a limiting factor ofphenol synthesis in potato (30) , and since arachidonic acid treatment stimulated PAL (Fig. 1) , it is surprising that this fatty acid did not cause an increase in the concentration of soluble phenols (Fig. 2) . Perhaps some of these phenols were rendered insoluble during tissue necrosis (Table I ) and/or converted to lignin (19) , a material which did significantly increase during incubation ofarachidonic acid-treated potato discs (Fig. 3) . This increased lignification could be especially significant in light of the suggestions that rapid lignification may be involved in the resistance of potato to P. infestans (9) as well as the resistance in other plant-pathogen combinations (26) . However, the data of this paper are not evidence for any specific mechanism of disease resistance. They merely illustrate that elicitors are too narrowly defined if we think of them just as chemicals that stimulate phytoalexin synthesis.
Treatment of potato discs with linoleic acid does not appear to cause any change in the phenol metabolism (Figs. 1-3 ), nor does this treatment cause either tissue necrosis or phytoalexin synthesis (Table I) . Nonanoic acid kills potato tissue and elicits low levels of phytoalexins (Table I) , but does not stimulate PAL synthesis (Fig. 1) and causes a relative decrease in both soluble phenols (Fig. 2) and lignin (Fig. 3) . It is clear that the toxicity of short chain fatty acids (15, 20) is due to a different mechanism than the toxicity of arachidonic acid.
We observed that the respiration of potato discs treated with arachidonic acid is higher than that of control tissue (Fig. 4) , a response that was expected since this fatty acid stimulates new metabolism (Table 1 ; Figs. 1-3) . However, the arachidonic acid does not actually increase respiratory rates above preincubation levels, but simply causes them to remain constant, whereas the respiration of control and linoleic acid-treated tuber discs decreases with time (Fig. 4) . In previous experiments with discs from tubers stored for shorter periods after harvest (data not shown), respiration of control potato tuber discs did not decrease during incubation.
Increased respiration is a typical response ofplants to infection (5, 14) , although these increases are low and inconsistent in potato tuber tissue infected with P. infestans (6, 25 
